INTRODUCTION
The shear-leach process was developed at the Oak Ridge National Laboratory as an alternative head-end treatment to chemical decladding and subsequent fuel dissolution. The original objective of this process was to recover uranium and thorium from irradiated LWR (light water reactor) fuels. As the name of the process implies, the irradiated fuel assembly rods are chopped into short pieces {"^1 in. long) by means of a mechanical shear. This operation exposes the fuel material and enables the fuel to be leached from the sheared cladding by a suitable dissolvent such as nitric acid.^ Because of its proven reliability in both laboratory and commercial operations, the shear-leach process appears to be the leading contender as a head-end step for processing spent LMFBR (liquid metal fast breeder reactor) fuels, Because the LMFBR fuels will have a higher fuel burnup, a higher specific power, and a shorter decay period prior to reprocessing, the decay heat generation rates for proposed LMFBR fuel will be an order of magnitude higher than the rates experienced with LWR fuels.
For example, after a decay period of 30 days, sheared fuel rods from the Atomics
International Follow-On Reactor core region will have a volumetric heat 3 generation rate of approximately 20,000 Btu/hr-ft . Consequently, the central temperature of a static volume of sheared LMFBR fuel would probably increase prior to contact of the fuel with the dissolver solution, In order to calculate the temperature rise within a volume of sheared fuel, it is necessary to know the effective thermal conductivity of the chopped fuel pieces.
In this study, the effective thermal conductivity across a cylindrical volume of sheared material was determined by measuring the heat flow and the corresponding steady-state radial temperature difference, Three different types of sheared material were evaluated? (1) stainless-steel-clad porcelain, (2) stainless-steel-and Zircaloy"'2-clad unirradiated urania, and (3) empty stainless steel hulls, The clad porcelain was used as a possible stand-in fuel for urania-plutonia, while the clad urania pellets were studied to compare sheared geometries proposed for LMFBR and LWR fuels.
The empty stainless steel hulls were investigated in order to determine the heat transfer characteristics of sheared cladding after dissolution of the nuclear fuel. The sheared material was measured in an atmosphere of either dry argon or air, and the log mean temperature of the cylindrical-sample volume was varied from 200 to 1400°F.
EXPERIMENTAL METHOD
The thermal conductivity data were obtained at steady-state conditions using the method of radial heat flow within a hollow cylinder. The upright cylindrical sample container must be equipped with a central heater to provide a radial temperature gradient and with an outer furnace to maintain the sample at a particular temperature level. For a long hollow cylinder with angular S3mimetry and no axial temperature gradient, the expression for radial heat flow is;
where Q = heat flow per unit time, Btu/hr, k = effective thermal conductivity, Btu/hr~ft-°F, L = axial length through which Q dissipates, ft, R^ = inner radius, in., R2 = outer radius, in., AT = temperature difference between inner and outer radii, °F.
By making the appropriate measurements, Eq, (1) can be used to calculate the effective thermal conductivity across the volume of the cylindrical sample.
To correct for any calibration discrepancies between the thermocouple wires, the temperature difference in Eq. (1) is derived from the following relationship: With the exception of the cylindrical sample container, the experimental equipment was essentially the same as that used by H, W, Godbee to measure the thermal conductivity of dry powders. A vertical cross section of the sample container is shox\ni in Fig, 1 . The sample container, which was fabricated from 304L stainless steel, has an inside diameter of 7 in. Figure 4 shows the upper flange, the inner thermocouple wells, and the center tube after removal from the sample container.
Experimental Procedure
In the assembled condition, the sample container had a measured volume of 14.55 liters. The bulk density of a sample was found by dividing the weight of sheared pieces by the container voltime. The particle density was determined by measuring the volume of water displaced by a known weight of the sheared material. The sample void fraction could then be estimated by subtracting the bulk-density-to-particle~density ratio from unity. Either argon or air was metered into the bottom of the sample container at the rate of 30 to 50 cc/min.
Thermal conductivity measurements of each of the sheared samples were obtained at about 200°F increments over the temperature range 200 to 1400°F, Measurements or readings were taken at each temperature level for two cases;
(1) central heater "on", with sufficient power to give a temperature difference between the inner and outer thermocouples, AT, ^ , of 25 to 35°F; and data' (2) central heater "off", to determine AT. . To avoid the difficulty of ISO trying to achieve the same average sample temperature for the measurement of both AT.
and AT, , the value of AT. was measured at the increasing ISO data iso temperature levels and plotted as a function of the log mean sample temperature, T. From the resulting graph, a value of AT. was obtained to ISO correct AT according to Eq. (2) at the same log mean temperature.
Q3.uaAt each temperature level, the general procedure was as follows:
1. With the central heater "on", adjust the power input to the three outer-furnace heaters until a uniform axial temperature is attained, 2. Allow sufficient time for the system temperature to reach steady state.
3. Using a potentiometer, determine the emfs of the 12 inner and outer thermocouples located in the sample test region. Although steady-state operation was achieved in shorter time periods, at least 24 hr was allowed to elapse between any two successive sets of readings.
The emf readings of the six inner radius and six outer radius thermocouples (Chromel-Alumel) were converted to the corresponding temperatuies and averaged to determine a log mean sample temperature difference. In Eq.
(1) the value of Q, the heat flow per unit time from the central heater, 
Experimental Results
Thermal conductivity measurements for 11 different systems were obtained using various sheared materials in either an air or an argon atmosphere. The sheared materials can be separated into three general categories: (1) clad unirradiated urania, (2) clad porcelain, and (3) empty stainless steel hulls. The thermal conductivity data are tabulated as a function of temperature in the Appendix.
Clad Unirradiated Urania
The thermal conductivity results for the three unirradiated clad urania systems are shown in Fig, 5 , The pellets in these systems had a density of 10.35 g/cc and an oxygen-to-uraniiau atom ratio of 2,0005j all of them were sheared into 1-in. lengths. The cover gas for each of the three systems was argon.
The 304L stainless-steel-clad urania, which simulated sheared liiFBR blanket fuel, had a tubing diameter of 0.500 in., a wall thickness of 35 mils, and a void fraction of 0.65. The effective thermal conductivity of the simulated blanket material varied from about 0.17 to 1.6 Btu/hr-ft-'F over the temperature range 200 to 1400''F. As can be seen in Fig. 5 , the conductivity characteristics of the simulated LWR fuel (Zircaloy-2-clad urania) were essentially identical to those of the simulated sheared LMFBR blanket material. The Zircaloy-2-clad urania had a tubing diameter of 0.562 in., a wall thickness of 35 mils, and a void fraction of 0.74, When a length-to-diameter ratio of about 2 was maintained during shearing, a considerable fraction of the urania was dislodged from the cladding. In all of the systems, the dislodged fragments were screened from the clad material and were thereby prohibited from falling into the sample container
The simulated LMFBR core material (304L stainless-steel-clad urania)
had an effective thermal conductivity of about 0,15 to 1,1 Btu/hr-ft-°F over the temperature range 200 to 1400''F, The stainless steel tubing had a diameter of 0.305 in. and a wall thickness of 15 mils; the sheared material (after removal of the fines) had a void fraction of 0.59.
Clad Porcelain
Porcelain pellets (Steatite L-3) were purchased from Clowes Ceramic, a division of Kearney National, Incorporated, to simulate urania-plutonia pellets proposed for the LMFBR core. The porcelain is composed primarily of magnesium silicate and has a room-temperature thermal conductivity of Thermal conductivity measurements were obtained on the 0,5-in, material in both air and argon, whereas the 1,0-in, material was studied only in argon (see Fig, 6 ). In air, the effective thermal conductivity for the 0,5- Thermal conductivity measurements were determined in both air and argon for each size of empty hull (see Fig, 7 ), In air, the effective thermal conductivity for the 0,510-in,-diam hulls increased from 0.17 Btu/hr-ft-°F to 1.6 Btu/hr-ft-°F over the temperature range 200 to 1400°F; in argon, the conductivity varied from 0.13 Btu/hr-ft-°F to 1.6 Btu/hr-ft-°F. In air, the effective thermal conductivity for the 0,250-in,-diam hulls increased from 0.21 Btu/hr-ft-°F to 1,2 Btu/hr-ft-°F as the temperature increased from 200°F to 1400°F; in argon, the conductivity varied from 0,16 Btu/hrft-°F to 1,2 Btu/hr-ft-°F. (see Fig. 7 ),
2,3 Discussion of Results
For the 11 systems measured, the effective thermal conductivity data as a function of temperature appear to be reasonably consistent. For example, the thermal conductivity ratio of air to argon is about 1,5;^ consequently, when conduction is the principal mechanism for heat transfer, the effective thermal conductivity of a sheared material is higher in air than in argon. However, as the temperature of the sample increases and radiation becomes the controlling heat transfer mechanism, the influence of atmosphere on the effective thermal conductivity tends to disappear. Also, agreement of the data for Zircaloy-2-clad urania and the data for the 0.5-in.-diam steel-clad urania might be expected due to similar geometries and cladding thermal conductivities.
A theoretical treatment of the effective thermal conductivity data obtained in this study will be discussed in a later report by H, W. Godbee,
The analysis should parallel a prior study in which Godbee developed a mathematical model for heat transfer in powders,** Since the effective thermal conductivities of the sheared materials appear to increase as an exponential function of temperature, the experimental data were correlated on semilogarithmic graphs (see Figs, 8 -10 in the Appendix), A least-squares line was calculated from the log k-vs-T data for each of the 11 systems studied, and the resulting least-squares equations are tabulated in Table 1 , Although these equations have no theoretical significance, the relationships do permit the calculation of • the maximum error is due to the variable Jin (Rg/Ri), which is determined by the location of the inner and outer thermocouple junctions within the wells.
No attempt was made to check the reproducibility of the data by refilling the annular sample container with the same sheared material, However, since the radial temperature difference was obtained from an average of six thermocouple pairs, the effect of packing variation across the annulus should be minimal.
CONCLUSIONS
The effective thermal conductivities for volumes of 11 prototype sheared systems were measured as a function of temperature over the range 200 to 1400'*F. The prototype systems ranged from metal-clad unirradiated urania or porcelain to empty stainless steel hulls. An atmosphere of either air or argon was used. These particular volumes of chopped pieces were selected to simulate the different materials that would accumulate during operation of the shear-leach process in a LMFBR fuel reprocessing plant. If the volumetric heat generation rate and the effective thettnal conductivity are known, a sheared fuel storage container can be designed to prevent excessive center-line temperatures. For each prototype system studied, an empirical equation was determined to predict the effective thermal conductivity as a function of temperature. The experimental data indicate the following general conclusions:
1. The effective thermal conductivities are essentially equal for sheared LMFBR blanket fuel and LWR fuel.
The experimental data for the 11 prototype systems studied are tabulated in Table 2 . Column (1) indicates the particular sheared prototype system;
column (2) is the log mean sample temperature, T, in °F; column (3) is the radial heat flow per unit time from the central heater, Q, in Btu/hr; column (4) is the temperature difference between the inner and outer radii when the central heater is "on", AT , in °F; column (5) is the temperature difference between the inner and outer radii when the central heater is "off",
AT. , in °F; column (6) is the effective thermal conductivity, k, in Btu/ ISO hr-ft-°F as calculated by Eqs. (1) and (2); colimm (7) is the effective thermal conductivity as predicted by the equations in Table 1 ; and column (8) 
AT. 
